Please cite this article as: P. Hovanyecz, E.E. Guibert, J.M. Pellegrino, J.V. Rodriguez, V. Sigot, Extended cold storage of cultured hepatocytes impairs endocytic uptake during normothermic rewarming, Cryobiology (2012), doi: http://dx.doi.org/10. 1016/j.cryobiol.2012.12.004 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. During hypothermic preservation of cells (0-4°C), metabolism is diminished and energy-dependent 28 transport processes are arrested. The effect of hypothermic preservation of hepatocytes in endocytic 29 transport following rewarming has not been previously reported. We evaluated the uptake of EGF 30 (Epidermal Growth Factor) ligand conjugated to fluorescent Quantum Dots (QDs) probes in rat 31 hepatocytes after 24 and 72 h cold storage in University of Wisconsin (UW) solution at 4°C. QDs 32 uptake was visualized during rewarming to 37°C under air or, in a second approach, at the end of 33 rewarming under 5% CO 2 . After 24 h in UW solution, QDs were internalized under both rewarming 34 conditions similar to non-preserved hepatocytes and cells maintained a normal cytoskeleton 35 distribution. However, in hepatocytes preserved 72 h none of the cells internalized QDs, which 36 remained bound to the membranes. After rewarming, this group showed diminished actin staining 37 and 60% reduction in ATP levels, while viability was maintained at ~70%. Our results present 38 evidence that, hypothermic preservation for 72 h in UW solution at 4°C does not prevent EGFR 39 (Epidermal Growth Factor Receptor) activation but irreversibly impairs endocytic uptake upon EGF 40 stimulation; presumably due to actin cytoskeleton disassembling besides reduced ATP pool. Our 41 approach can be applied on other membrane receptor systems and with other hypothermic 42 preservation solutions to understand the effect of cooling in endocytic transport and to determine 43 the optimal cold storage period. 44 45
Introduction 53 54
Cold storage of mammalian cells in preservation solutions is a well-known methodology to 55 maintain and provide a regular source of viable and metabolically competent hepatocytes for cell 56 banking, hepatocellular therapies or bioartificial liver devices [8; 31] . Hypothermic preservation 57 slows down all non-enzymatic and enzymatic processes usually by a factor of 1.5 to 3 per 10 ºC of 58 temperature decrease and leads to structural membrane damage [7] and to reduction in ATP 59 intracellular pool [25; 39] . University of Wisconsin (UW) solution was designed to prevent cell 60 swelling, intracellular acidosis, injury from oxygen-free radicals and to maintain ATP levels [40] . 61
Nevertheless, when the cells are rewarmed to 37 ºC, a natural situation that occurs when the organ 62 or the cells are transplanted, they may undergo structural and functional damage as the result of 63 metabolic changes occurred during the cold storage period [22] . 64
Low temperatures cause reorganization of the membrane microstructure, e.g. the lipid-lipid and 65
lipid-protein interactions [19] as well as cytoskeleton distribution [42] affecting the global integrity 66
of the bilayer and the dynamic of transport processes. Furthermore, the increased viscosity 67 diminishes rate of lateral diffusion, clustering and distribution of membrane embedded tyrosine 68 kinase receptors as well as the assembling of the endocytic and signalling machinery [3; 28] . 69 A thoroughly studied tyrosine kinase receptor is the epidermal growth factor receptor (EGFR), for 70 which ligand-induced receptor dimerization, stimulates its intrinsic protein tyrosine kinase activity, 71 leading to auto-phosphorylation and activation [34] . Following receptor activation several endocytic 72 proteins are efficiently recruited [28] and the EGF signal is down regulated through internalization 73 of the receptor-ligand complex [4; 34] . During this process, actin polymerization provides the force 74 for generating membrane invaginations and for the scission of the endocytic vesicles from the 75 plasma membrane [32] . 76 77 Previous studies showed that at 4°C lateral mobility of EGFR is reduced but not abolished [10; 12] . 78
In addition, stimulation with EGF at 4°C (ice cooled condition) results in phosphorylation of the 79 receptor with similar kinetics to the phosphorylation induced at 37°C [11; 23] . Furthermore, in the 80 case of EGFR recruitment of both effectors signalling molecules in nascent clathrin coated pits and 81 endocytic machinery was observed at 0°C although receptor internalization was inhibited [28] . 82
All these studies were carried out for short periods at 4°C (max 60 min), during which membrane 83 and cytoskeleton integrity were not compromised and endocytosis inhibition could be reversed [12; 84 24; 44]. Therefore, it is possible that hypothermic preservation periods beyond 24 h, impair the EGF 85 stimulated endocytic uptake, due to loss of membrane structural integrity, cytoskeleton alteration 86 We employed a modified UW solution previously described [30] . In this solution hydroxyl-ethyl 111 starch was replaced by Polyethylene glycol (PEG) due to its beneficial effect in preventing 112 hypothermic cell swelling and in maintaining cytoskeleton integrity [18; 42] . 113
Composition of modified UW solution : 100 mM lactobionic acid, 25 mM K 2 HPO 4 , 5 mM MgSO 4 , 114 30 mM raffinose, 2.5 mM adenosine, 3 mM reduced glutathione GSH, 1 mM allopurinol, 5 % PEG 115 8000, 15 mM glycine, 0.25 mg/mL streptomycin, and 10 IU/mL penicillin G, histolyticum, Sigma, Lot. 089K8623) perfusion without recirculation using the procedure originally 141 described by Seglen [37] and adapted in our laboratory [30] . Cell viability of freshly isolated cells 142 was tested by the exclusion of Trypan Blue (TBE) dye (0.2 % in PBS). Preparations with a TBE 143 higher than 80 % were considered suitable for cell culture. Hepatocytes were seeded at a density of 144 7x10 5 cells/cm2 in collagen-coated culture dishes (Orange Scientific, Braine-l'Alleud, Belgium) 145 with collagen coated 18x18 mm glass coverslips and incubated in William's E medium 146 supplemented with 5% FBS at 37°C in a gas-controlled incubator under 5% CO 2 atmosphere. Three 147 hours after cells seeding on collagen, medium was replaced by post cell-attachment (serum free) 148 culture medium and cells were cultured for up to 24 h at 37°C before hypothermic preservation. 149
150

Hypothermic preservation (HP) and Normothermic Rewarming (NR) 151
After 24 h, cultured hepatocytes were washed twice with cold PBS and preserved at 4°C for 24 and 152 72 h in the culture dishes with 1 mL UW solution/1x10 6 plated hepatocytes saturated with N 2 . 153
Culture dishes were kept in a tight sealed container at 4°C and left undisturbed until analysis. 154
155
After hypothermic preservation cells were washed twice with cold PBS and immediately rewarmed 156 to 37°C (Table 1) . 157 158 
Experimental groups 161
Hepatocytes cultured 24 h as non-preserved controls (HC); hepatocytes preserved 24 h and 72 h in 162 UW solution without further rewarming (HP24-t 0 ) and (HP72-t 0 ) respectively; hepatocytes 163 preserved 24 or 72 h in UW solution followed by 30 min normothermic rewarming (HP24-t 30 ) and 164 (HP72-t 30 ) respectively; hepatocytes preserved 24 h and 72h in UW solution followed by 120 min 165 rewarming (HP24-t 120 ) and (HP72-t 120 ), respectively (see Suppl. Mat. Fig. S1 .). Hepatocyte 166 morphology was observed by phase contrast microscopy immediately after hypothermic 167 preservation and after rewarming in WE serum free medium. 168
169
Incubation with EGF-QDs complexes 170
After each cold storage period hepatocytes on coverslips were thoroughly rinsed with cold Tyrode´s 171 buffer to eliminate residual UW before rewarming. Then, cells were incubated with 100 µL 172 EGF:QDs (8 nM EGF:2 nM QD 655 ) complexes for 10 min on ice-water bath (8-10°C) to maximize 173 binding to EGFR without internalization, followed by 5 min at RT to stimulate receptor activation 174
[24]. Excess complexes were washed with Tyrode´s buffer and cells were rewarmed as described 175 above. Under both rewarming conditions, controls for non-specific binding of the QDs were carried 176 out by adding non tagged QDs (without EGF) at the same concentration as the employed in 177 preformed complexes. 178 179
Fluorescence confocal microscopy 180
In live cells during NR in Tyrode's buffer: Confocal microscopy of live cells was carried out at 181 controlled temperature in a modular perfused chamber (MPC) designed in our lab [38] . Before 182 imaging the complete chamber was thermostated at 4°C without the sample. After recording a 183 stable temperature the coverslip; with cells preincubated with the EGF-QDs complexes, was placed 184 on the chamber and immediately covered with 500 µL chilled Tyrode´s buffer. Then, temperature 185 was increased to 37°C, and after thermal stabilization (approx. 2 min.), single confocal planes or 186 stacks were acquired every 5 min during 30 min. A control for unspecific binding of QDs was 187 performed by incubating cultured and preserved hepatocytes with 2 nM QDs in the absence of 188 ligand and monitored under the same conditions as described above. 189
In fixed cells after NR in WE medium: After 24 and 72 h of cold storage hepatocytes were 190 incubated with EGF-QDs complexes as described above, and immediately fixed in 2% PFA in PBS. First, we evaluated morphological alterations after HP in UW solution followed by 120 min 256 normothermic rewarming in WE medium (Fig.1) . After 24 h in culture, restoration of cell-cell 257 contacts and polygonal hepatocyte-like cell shape were clearly visible as well as the formation of 258 
QDs distribution after normothermic rewarming in WE medium 280
Williams E culture medium is more appropriate as physiological solution for hepatocytes 281 rewarming than Tyrode´s buffer, allowing for extended incubation periods. However, it is not 282 suitable for live cells imaging in the employed thermostated chamber, as this medium still requires a 283 controlled CO 2 atmosphere for its pH buffering capacity. Consequently, in the second rewarming 284 approach (see Table 1 ), images were acquired in cells fixed after NR in serum free WE medium 285 during 30 min (Figure 3) . QDs distribution was similar to the one obtained by live cell imaging in 286 all experimental groups (Panels A, C, E), but after NR in WE medium, HP72-t 30 Therefore, in a second approach, hepatocytes were rewarmed in Williams E medium without serum 342 and 5% CO 2 mimicking cell culture conditions and QDs uptake was analysed at the end of 343 rewarming. In addition, rewarming in WE medium allowed to extent rewarming period up to 120 344 min to evaluate morphology and viability. However, for fluorescence imaging of QD 655 and 345
Phalloidin-Alexa 633 cell fixation was unavoidable due to insufficient buffering capacity of WE 346 medium to perform live cells microscopy under air. 347
We demonstrated that after 24 h hypothermic preservation in UW solution at 4°C, rat hepatocytes 348 are able to reassume endocytic uptake during rewarming. However, after 72 h none of the cells 349 Under this scenario, a plausible explanation is that after 72 h preservation in UW solution at 4°C 391 followed by oxygenated rewarming to 37°C, EGFR is still efficiently activated when stimulated 392 with EGF but the altered subcortical actin network prevents subsequent interaction of the 393 phosphorylated kinase receptor with actin binding proteins and adaptors proteins required for the 394 functional assembling of the endocytic machinery. However, further correlation between ATP 395 levels with EGFR autophosphorylation and ATP dependent actin polymerization should be 396 addressed. 397
In conclusion, these findings suggest that 72 h cold storage in UW solution at 4°C leads to 398 irreversible cytoskeleton disorganization during rewarming that inhibits earlier steps in the vesicular 399 transport mediated by EGFR. In our hepatocyte culture model of hypothermic preservation, targeted 400
Quantum dots proved suitable as sensors of cold impaired endocytic competence. Our approach can 401 be applied on other receptor systems and on other hypothermic preservation solutions to further 402 understand the effect of cooling in endocytic transport and to improve cold storage conditions. 403 respectively. NR at 37°C was performed in WE medium (serum free) pH 7.4 under 5 % CO 2 . Scale 559 bar: 20 μm. 560 Figure 5 . LDH intracellular activity before and after 30 and 120 min NR at 37°C in WE 561 medium. ANOVA test, p value < 0.05 was considered significant; * Different from HC-t 30 and HC-562 t 120 and from HP24-t 30 
